A novel recyclable photocatalyst was fabricated by hydrothermal method to immobilize the cross-linked ZnO nanowalls on the bamboo surface. The resultant samples were characterized by using scanning electron microscopy (SEM), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS), and Fourier transformation infrared (FTIR) techniques. FTIR spectra demonstrated that the cross-linked wurtzite ZnO nanowalls and bamboo surface were interconnected with each other by hydrogen bonds. Meanwhile, the cross-linked ZnO nanowalls modified bamboo (CZNB) presented a superior photocatalytic ability and could be recycled at least 3 times with a photocatalytic efficiency up to 70%. The current research provides a new opportunity for the development of a portable and recycled biomass-based photocatalysts which can be an efficiently degraded pollutant solution and reused several times.
Introduction
In recent years, environmental problems such as air and water pollution had provided the impetus for sustained fundamental and applied research in the area of environmental remediation [1] [2] [3] . The wastewater from textile, paper, plastics, rubber, cosmetics, and other drying industries contains residual dyes, which are not readily biodegradable [4] . These dyes were invariably left in the industrial waste and consequently discharged mostly to surface water resources, which were greatly harmful to the environment, hazardous to human health, and difficult to degrade by traditional techniques [5] . Recently, nanosized semiconductor materials like TiO 2 [6, 7] , ZnO [8, 9] , and SnO 2 [10] , which mediate photocatalytic decomposition of organic molecules, are paid tremendous attention for the treatment of the organic pollutants of wastewater [11, 12] . One of the most important semiconductor photocatalysts, especially for ZnO, has been greatly focused on the photodegradation of the environmental pollutants due to its high catalytic activity, low cost, and environmental friendliness [13] . In the previous research, the structure or morphology of the photocatalysts is considered to have a strong relationship with their photocatalytic performance. For instance, Guo et al. [14, 15] have demonstrated that morphology of materials can be well controlled in some important photocatalytic materials like BiOCl and Bi 2 S 3 . Also, the interconnected nanostructures can greatly improve their mechanical strength [16] . Many organic pollutants, such as rhodamine B, methyl orange, phenols, dye, and carboxylic acids, can be photodegraded by nanosized ZnO materials under UV or visible light irradiation [8, [17] [18] [19] . The development of an efficient, green, and low-cost method for the removal of organic pollutant compounds is essential for the protection of the environment [20] . Wood, bamboo, and cellulose are usually considered good candidates as host materials of nanomaterials because they can improve the stability, retain the special morphology, and control the growth of nanoparticles. Meanwhile, these cellulose-based materials have always been environmentally friendly, easily biocompatible, easily designed, and feasibly biodegraded [21, 22] . Therefore, the inorganic nanomaterials/polymer composite materials can be considered as a portable catalyst.
Our previous research has confirmed that hydrothermal method is a facile method for the growth of inorganic nanomaterials on the surface of cellulose-based materials such as wood [23] [24] [25] [26] [27] . Moreover, the porous wood substrate rich in abundant hydroxyl groups provides a chance for the deposition of inorganic nanomaterials in the hydrothermal 2 Journal of Nanomaterials process [28] . The porous structure in the surface and hydroxyl groups have been shown to be very useful for the creation of an inorganic nanoparticle/polymer catalyst. Bamboo surface with similar chemical constituents of wood can also provide a suitable template to prepare ZnO nanomaterial through strong hydrogen bond and electronic interactions under hydrothermal conditions. Herein, in our present work, a portable catalyst of cross-linked ZnO nanowalls/bamboo composites was prepared for the photocatalytic application under UV light irradiation. Compared with those powder photocatalysts, the as-prepared photocatalyst was very easily separated from the dye aqueous solution and cyclically used. We hope to provide a novel method for easy creation of ZnO nanomaterial bound with cellulose-based materials. The paper may provide a new and "green" pathway for the design and fabrication of photocatalytic materials to solve the problem of organic pollution.
Experimental

Raw Materials.
All the chemicals were supplied by Shanghai Boyle Chemical Co., Ltd., and used as received. The moso bamboo was cut into slices with a size of 50 mm (tangential) × 20 mm (radial) × 2 mm (longitudinal). The bamboo slices were ultrasonically rinsed in deionized water and ethanol for 30 min and vacuum-dried at 60 ∘ C for 48 h. The original bamboo sample was abbreviated as OB.
Immobilization of the Cross-Linked
ZnO Nanowalls on the Bamboo Surface. In a typical preparation method, zinc acetate dihydrate (0.75 M) was dissolved in methanol at 60 ∘ C under vigorous magnetic stirring. Then, the above solution was added dropwise to a solution of monoethanolamine with volume ratio of 1 : 1 at room temperature. The resulting mixture solutions were then stirred at 60 ∘ C for 30 min. The ZnO sol solution was thus obtained. Immobilization of the cross-linked ZnO nanowalls on the bamboo surface was employed by the following process. Firstly, bamboo slices were coated by ZnO sol through a repeated dip-coating process. The obtained bamboo slices were immersed into the ZnO sol solution for 5 min. After that, these bamboo slices were dried at 80 ∘ C for 5 hours using a drying oven. The procedures from dip-coating to drying were repeated 5 times to obtain multilayer films. The bamboo sample coated by ZnO sol was abbreviated as ZSB. Then, the cross-linked ZnO nanowalls were grown via an aqueous solution route with a mixture solution consisting of zinc nitrate hexahydrate (0.05 M), hexamethylenetetramine (0.05 M), polyvinyl alcohol (0.06 M), and deionized water (250 mL). The main growth of the cross-linked ZnO nanowalls was carried out at 95 ∘ C for 1 h. The samples were collected and rinsed with distilled water several times. Finally, the samples were dried at 50 ∘ C for 48 h. The cross-linked ZnO nanowalls that treated the bamboo were abbreviated as CZNB. structures of the samples were identified by X-ray diffraction technique (XRD, Rigaku, D/MAX 2200) operating with Cu K radiation ( = 1.5418Å) at a scan rate (2 ) of 4 ∘ min −1 , 40 Kv, and 40 mA, ranging from 5 ∘ to 80 ∘ . Surface chemical compositions of the samples were characterized by Fourier transformation infrared (FTIR) spectroscopy using a Thermo Magna-IR 560 E.S.P FTIR spectrometer (Nicolet).
Measurement of Photocatalytic Activity.
The photocatalytic activities of the as-prepared samples were assessed by monitoring the degradation of rhodamine B (Rh B) solutions at ambient temperature. A 35 W mercury lamp (Hg lamp) (Shanghai Rongbo Co., China) with main wavelength of 254 nm was used as ultraviolet light source. The degradation experiments were carried out in a 100 mL beaker, opening to air, and the distance between the lamp and the solution was about 10 cm. Magnetic stirring at a speed of 100 rpm was applied to the solution. For a comparative study of photocatalytic activity, blank experiments using similar conditions without the addition of photocatalysts were performed. The bamboo slices with ZnO were added to 100 mL of the Rh B solution (50 mg L −1 ) with ultrasonic treatment for 30 min. Before the photocatalytic degradation, the solution was magnetically stirred in dark environment for 60 min to reach the adsorption equilibrium. The change of solution concentration in every 30 min was measured to judge the absorbability of catalysts in the dark. At every interval during the process of 3 h, a series of aqueous solutions in a certain volume were collected and were then analyzed on a TU-1901 UV-vis spectrophotometer (TU-190, Beijing Purkinje, China), and its maximum absorption wavelength of Rh B was 554.5 nm.
The efficiency was calculated by the following equation:
where 0 and are the initial dye concentration and the concentration at time , respectively. The schematic diagram of the photocatalytic reactor was shown in Figure 1 . the dip-coating process by ZnO sol, the microstructures of OB were disappeared, which presented a smooth and clean surface as shown in Figure 2(b) . From the inset of this figure, besides the signal of carbon and oxygen elements, weak peaks corresponding to zinc element were also observed in the spectrum of ZnO sol coated bamboo substrate, indicating the formation of ZnO sol on the bamboo surface. Figure 2(c) showed a SEM image of CZNB at low magnification. From the SEM image, it could be clearly seen that thickly ZnO nanostructured materials had been immobilized onto the bamboo surface after the hydrothermal reaction. In the magnified SEM image (Figure 2(d) ), the morphology of CZNB could be clearly observed. These cross-linked ZnO nanowalls were randomly oriented due to the unevenness of the bamboo surface, leading to the cross-linked ZnO nanowalls observed most frequently. Moreover, the ZnO nanosheets were interconnected with each other and had an uneven surface morphology on a large scale with diameters of about 0.5∼1 m. In the corresponding EDS spectrum of the inset in Figure 2 (c), Zn element with a strong peak could be detected, indicating that ZnO had been grown on the bamboo surface. Figure 2 (e) displayed the XRD patterns of OB, ZSB, and CZNB. The diffraction peaks at about 16 ∘ and 22 ∘ were assigned to OB [29] . But, for ZSB, no other new diffraction peaks were detected from the XRD patterns except for the cellulose diffraction peaks from bamboo, which might be due to the fact that the crystal phase of ZnO sol consisted of amorphous ZnO. After hydrothermal reaction, some new strong diffraction peaks were observed and all diffraction peaks could be assigned to the wurtzite-type ZnO (JCPDS, . No excess peaks were detected, implying that only high purity ZnO nanostructure was formed following the hydrothermal reaction. Figure 2(f) presented the FTIR absorption spectra of OB and CZNB. The absorption peaks at 3321 cm −1 became increasingly stronger, which was attributed to the stretching vibrations of hydroxyl groups indicating that more hydroxyl groups were assembled on the bamboo surface. The selfassembly of the cross-linked ZnO nanowalls was achieved by the hydrothermal reaction due to the interaction between the O-H groups of bamboo surface and the deposited ZnO [23, 27] . The absorption peaks at 2881 cm −1 were assigned to the C-H stretching vibrations [30] . As we all know, the peaks around 500 cm −1 were due to the vibration of metaloxygen (M-O) bonds as reported in the literature [31] . The wide band observed in the 400-600 cm −1 frequency range was characteristic of ZnO as previously reported [32] .
Results and Discussion
Based on the results mentioned above, a schematic diagram of the formation of CZNB using a hydrothermal method was proposed, which could be helpful in understanding the growth mechanism of wurtzite ZnO on the bamboo surface. The porous bamboo substrate with abundant hydroxyl groups provided a chance for the deposition of ZnO nanomaterials on the bamboo surface under hydrothermal conditions (Figure 3(a) ). When the bamboo substrate was immersed in ZnO sol solution, the zinc alkoxides from ZnO sol solution could adsorb onto the micronanoporous structure through strong hydrogen bond and electronic interactions (Figure 3(b) ). With hydrothermal reaction, the zinc alkoxides continuously hydrolyzed to form ZnO seeds for the growth of CZNB (Figure 3(c) ). Thus, the ZnO nanomaterials were covered and immobilized well in the bamboo surface.
Rh B was adopted as a representative organic pollutant to evaluate the photocatalytic performance of CZNB as photocatalysts. In this experiment, the commercially available TiO 2 P25 (Degussa, Germany) was used as a photocatalytic reference to help understand the photocatalytic activity of CZNB. The photocatalytic activities of the as-prepared samples and P25 were shown in Figure 4 (a). The CZNB as photocatalysts showed the highest photocatalytic activity. The OB had a little photocatalytic activity of about 5.6% on Rh B during the whole process, which was mainly due to the Journal of Nanomaterials physical absorption effect of bamboo. In Figure 4 (a), the Rh B degradation efficiency was about 12.3% for ZSB. However, the required time for an entire decolorization of Rh B over CZNB as photocatalysts was about 180 min, which was much shorter than P25. The photocatalytic efficiency of CZNB was greatly enhanced, which was probably because the photocatalytic activity of ZnO particles strongly depends on some specific exposed crystal faces [33, 34] . This result would contribute to the potential application of our ZnO/bamboo composite materials to the treatment of dye wastewater. Based on the above results, the photocatalytic activities of CZNB under UV irradiation could be illuminated by Figure 4(b) . When the bamboo-based photocatalysts were irradiated by UV light at 254 nm, which was with photon energy higher than or equal to the band gap of ZnO nanocrystals, holes could react with water adhering to the surfaces of ZnO nanowalls to form highly reactive hydroxyl radicals (•OH). Meanwhile, on the surfaces of ZnO nanowalls, oxygen was reduced as an electron captor to superoxide radical anions (•O 2 − ). The radical anions were further combined with H + to form •OOH and •OOH radicals and the trapped electrons combined to produce H 2 O 2 and this led to production of hydroxyl radicals (•OH). The formed radicals had a powerful oxidation ability to degrade Rh B dye [35, 36] .
Regeneration of ZnO photocatalyst was one of the key steps to make heterogeneous photocatalysis technology for practical applications. It was important to investigate the stability and repeatability of the as-synthesized CZNB as a photocatalyst in photocatalytic degradation of aqueous Rh B. So, in our work, CZNB was recycled for three times in the same photocatalytic reactions under ultraviolet irradiation. After each cycle, which lasted for 180 min, the photocatalyst was separated from the suspension by tweezers, washed with deionized water, dried, and used for a new cycle. Figure 5 presented the degradation evolution of Rh B for CZNB as a photocatalyst at 180 min illumination for the first three cycles. Obviously, the photocatalytic activity of CZNB exhibited a little decline after three cycles, and the degradation ratio was still higher than 77%. It was obvious that the Rh B solutions were degraded by CZNB under ultraviolet irradiation, resulting in the faded solution ( Figure 5, insets) .
Conclusions
The cross-linked ZnO nanowalls had been successfully immobilized onto the bamboo surface using the hydrothermal method. The wurtzite cross-linked ZnO nanowalls were attached to the bamboo surface through the hydroxyl group interactions. The cross-linked ZnO nanowalls on the bamboo surface showed a superior photocatalytic ability and could be used as recyclable photocatalysts. This study also provided a recycled green photocatalyst of the ZnO/bamboo composite materials.
